A central problem in cellular control is how cells cope with the inherent noise in gene expression. Although transcriptional and posttranscriptional feedback mechanisms can suppress noise, they are often slow, and cannot explain how cells buffer acute fluctuations.
compartments could serve as dynamic reservoirs that buffer cell-to-cell variability in protein concentrations ( Fig. 1E) .
To test the efficacy of phase separation in buffering gene expression noise, we developed a physical model based on the thermodynamics of liquid-liquid phase separation 11 . We consider a binary mixture consisting of a solvent and a phase separating protein ( Fig. 2A and Supplementary text S.1.1). When the total protein concentration in the cell (which we denote by ߶ ത ) exceeds a certain threshold ߶ ‫כ‬ , the mixture separates into a dilute bulk phase of concentration ߶ ା and a condensed droplet phase with concentration ߶ ି . Importantly, in a mesoscopic droplet system these concentrations fluctuate with time, even when the total concentration ߶ ത is fixed and the system is at equilibrium. This is because the exchange of protein material between droplet and bulk phase is subject to thermal noise, which may become significant in small compartments like cells. These fluctuations represent a lower limit to the concentration noise in phase separating systems. To characterize this limit, we calculated the equilibrium probability distribution of the bulk phase protein concentration associated with our thermodynamic model for different, but fixed total concentrations ߶ ത (Fig. 2C ). This has two important implications. First, the relationship between mean and noise strength of the bulk phase protein concentration is consistent with Poissonian noise. Poissonian noise is often considered the minimal achievable noise in protein expression 4,7 , because it arises when protein molecules are produced and turned over with constant rates, with no additional sources of stochasticity. 
approaches the Poisson limit ( Fig. 3D ).
Furthermore, we found that gene expression noise can be suppressed almost entirely in this regime, while the remaining Poisson-like noise is due to thermal fluctuations of the droplets.
We call this "buffering noise" (Supplementary text S.1.1.4). Therefore, our analysis predicts that gene expression noise can be suppressed by phase separation to the Poisson limit.
To study how the ability to buffer noise changes as the time scales of protein expression and phase separation become comparable, we developed a non-equilibrium model of phase As before, our model exhibits a strong reduction of noise as soon as the system phase separates. Surprisingly, and in contrast to the quasi-equilibrium case, the bulk phase noise strength increases again as the mean total concentration increases ( Fig 3E) . This is because for large mean total concentrations, protein production is fast in comparison to the exchange of protein between the bulk and droplet phase. In this case, phase separation is too slow to effectively buffer rapid fluctuations in ߶ ത We experimentally tested the prediction that phase separation can buffer protein expression noise by expressing the phase separating protein 2NT-DDX4 YFP inside HeLa cells, and examining protein concentration and spatial distribution using live-cell microscopy. The use of transient transfection allowed us to generate a broad range of protein expression levels across the cell population due to large variability in plasmid transfection efficiency ( Fig. 4A ).
Similar to the previously described 14 DDX4 YFP , the 2NT-DDX4 YFP variant formed heterologous compartments inside nuclei of transfected HeLa cells ( Fig. 4A) . Duplicating the N-terminus reduced the protein's threshold concentration and resulted in an increase in droplet-positive cells after transfection (Fig. S1 ). The droplets formed by 2NT-DDX4 YFP in the nuclei of transfected cells fused readily with each other, showed high internal recovery after photobleaching and exhibited hallmarks of Ostwald's ripening over short time scales, which confirmed their liquid-like property ( Fig. S2 ).
To quantify the kinetics of protein concentration and phase separation, we used time-lapse fluorescence microscopy and measured the change of protein expression and droplet formation after transfection ( Fig. 4A,B ). Expression starts after the next mitosis, because the plasmid only incorporates into the nucleus after nuclear envelope reformation. We therefore identified post-mitotic cells in time-lapse videos and quantified total and bulk phase 2NT-DDX4 YFP concentrations in the nucleus (Fig 4A,B , see Materials and Methods). Over the first 200 minutes the protein concentration slowly increased and exhibited a single dilute phase.
After 200 minutes, the protein began to form intra-nuclear droplets, which increased in number and size ( Fig. 4A ). This data allowed us to quantify the kinetic parameters of 2NT-DDX4 YFP expression and phase separation (see Materials and Methods and Fig. 4B and Supplementary text S.2.2).
We next determined the relationship between the mean concentration and the noise strength of 2NT-DDX4 YP in the bulk phase (in other words, the concentration outside the drops) and compared it to theory. For this purpose, we measured total and bulk phase 2NT-DDX4 YFP concentrations in a larger number of cells 24 hours after transfection ( Fig. 4C ). From the total pool of cells, we randomly selected subpopulations of cells which mimicked the statistics of the total protein concentration generated by our non-equilibrium model of protein expression. In this way, we obtained a series of subpopulations with different mean total concentrations. For each mean total-concentration we could then measure the mean and noise strength of bulk phase 2NT-DDX4 YFP protein concentration in the corresponding subpopulation (Supplementary text Section S.2.3). The resulting relationship between mean and noise strength in the bulk phase is in line with theory and confirms that gene expression noise is effectively buffered by phase separation in living cells ( Fig. 4D ). We note that the model underestimates the noise strength in the bulk phase. This is likely due to unknown additional sources of variability that are not captured by our simple model, such as cell-to-cell differences in the thermodynamic parameters or technical noise in image acquisition and processing. Our analysis shows that noise buffering is most effective for this particular protein when the mean total concentration is around
(corresponding to about 18 µM). At this point, the noise strength is reduced by almost seven-fold. Strikingly, for higher protein concentrations, the noise strength begins to increase again, as the model predicted.
We further confirmed the observation that reduction of noise is due to phase separation, by taking advantage of a previous observation that membraneless organelles dissolve during mitosis 18 . We followed over 100 individual droplet-containing cells through mitosis ( Fig. S3) and quantified the fluorescence intensity in the nucleoplasm before and during mitosis. 2NT-DDX4 YFP droplets dissolve at the onset of mitosis ( Fig. 4E ) and this dissolution is associated with a three-fold increase of noise in the bulk phase when quantified across all the cells (Fig.   4F ). This provides support for the idea that the reduction of noise is indeed due in part to phase separation.
System-wide single-cell studies 4, 19 have shown that the precision of gene regulation is constrained by biochemical noise. The magnitude of protein fluctuations generally decreases with average concentration, but even for highly expressed proteins, it rarely falls below a relative variation of around 10-20% (CV>0.1-0.2) depending on the organism and experimental condition 20,21 . How cells reliably process information and make decisions despite this limited precision has been a long-standing question. Previous studies have shown that transcriptional and post-transcriptional feedback mechanisms exhibit noise suppression 5,6 . However, the efficacy of these mechanisms is limited by the fact that they rely on cascades of biochemical steps, each of which can be slow and noisy itself. Phase separation, which happens post-translationally, is driven by thermodynamic principles that enable rapid and precise control of protein concentration, even in the presence of substantial noise. The data in this paper show that if the time scales of phase separation and protein expression are sufficiently separated, the bulk phase noise strength approaches the Poisson limit, irrespective of the noise strength in total protein concentration. Theory shows that noise buffering is generally less efficient when the dynamics of protein expression and phase separation become too similar. In cells, however, we expect the droplet dynamics to be fast in comparison to the production and turnover of protein, which typically takes place on the time scales of several hours. In the 2NT-DDX4 YFP system reported here, the time scales differed by about five-fold, which was sufficient to achieve significant noise buffering.
The present study provides a proof-of-principle using both theory and experiment that noise can be buffered by phase separation. Our experimental work uses an engineered system, which allows thorough quantification of concentration over a wide range of conditions, and comparison to theory. However, the same physical concepts should apply to endogenous phase separated compartments. Many such compartments have been identified recently but their biological function is often unclear 13,22,23 , and it seems likely that some of them serve as noise buffers that maintain protein concentrations at precise levels. As an example, paraspeckles are a ubiquitous compartment with no known function, and it has been shown that the bulk phase concentration of some paraspeckle proteins declines as paraspeckles form, suggesting a potential buffering role 23 .
Our study joins others that have proposed that spatial compartmentalization could be a mechanism to buffer noise 8 . For instance, in mammalian cells, delayed nuclear export of transcripts leads to reduced variability in cytoplasmic RNA 3 , as well as in yeast, where local clustering of protein can enhance the robustness of subcellular gradients 9 . In this paper we have demonstrated noise buffering for scaffold proteins, which themselves drive the formation of liquid compartments. However, many more proteins and RNAs partition into liquid compartments, for which similar ideas are likely to apply. These have been termed clients. Since clients are more abundant than scaffolds, this would expand the scope of the proposed mechanism to a substantial fraction of the genome. Indeed, about 30% of nuclear proteins are in condensates 24 .
In this paper, we have focused on the bulk phase, but because buffering is mediated by a modulation of droplet number and size, the protein concentration inside the droplets should be buffered as well. This could allow cells to create local microenvironments to enhance the fidelity of the reactions occurring inside of them. More systematic studies will be needed to understand the generality of noise buffering by phase separation in endogenous biological YFP was triggered to phase-separate by reducing the salt concentration. The droplet phase was separated by centrifugation, the supernatant containing the dilute phase was recovered and quantified as a function of increasing protein concentration. (D) Quantification of the protein concentration in the recovered supernatant phase using spectrophotometry. Mean and standard deviation from 3 measurements at each concentration and in two salt conditions are plotted. Linear fits were performed separately for concentrations below and above the value where phase separation was observed by microscopy (E) Phase-separation could buffer variability in protein concentration (represented by color intensity) between different cells by forming liquid compartments of variable number and size. ). We consider protein degradation to take place in both phases. Partitioning of proteins into the bulk-and droplet phase is captured by stochastic exchange reactions with rates 
